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NUMERICAL INVESTIGATION OFSPINWAVES IN FERROMAGNETIC IRON*
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Spinwave energiesandintensitieshavebeencalculatedalongthree
principalsymmetrydirectionsfor ferromagneticiron. Thesecalculations
arebasedon anitinerantmodelwhich incorporatesbandandwave-vector
dependenceof the relevantCoulombmatrix elements.The resultsindicate
thatiron’s spinwavescanbedescribedcompletelyby anitinerantmodel
without recourseto additionalassumptionsaboutstrongHund’srule
couplingor local momentbehavior.

DURING thepastfew yearsneutronscatteringexperi- A~V(q,ci,) =

mentshaveyieldedconsiderableinformationaboutspin
wavesinboth ferromagneticnickelandiron.13 It has x E an,4(k)amMt(k+ q)anv~(k)a,npt(k+q){fn~ fm~+qi

beenknownfor sometime that the itinerant.electron nm hz — E(mk+ qt) + E(nk~)k
modelof magnetismis capableof explaining,at least (2)
qualitatively,the unusualbehaviorexhibitedby spin = ~jd—d v = 1, 2, 3

U t
wavesin thesematerials.However,a remainingimport-
ant questionhasbeenwhetherthemodel wouldwith- = P = 4~5. (3)
standfully quantitativetests.In this regard,a recent E(nka)is theelectronicenergyfor bandn, wave-vector
calculationof the generalizedsusceptibilityshowedthat k, andspina,f,~,is the Fermi occupationnumber,and
the itinerantmodelis capableof providingquitegood the {a~~

0(k)}areexpansioncoefficientsof theBloch
quantitativeagreementwith low temperaturespinwave functionsin termsof symmetryorbitals.The
dataobtainedfrom neutronscatteringexperimentsfor andtheelectronicenergycanbe obtainedfrom a
nickel.

4 In iron, however,thepossibleoccurrenceof solutionof the energybandequationsgeneratedby the
strongHund’s rulecouplingand/orlocal moment theory. Weuse~z= 1, 2, 3 andj.z =4, 5 for t~ande~
behaviormightbe expectedto invalidatethe applic. symmetrytermsrespectively.Theenergyband
ability of the itinerantmodel.Thepurposeof this paper equationscanbe formally solvedto give
is to presentsomeresultswhich indicatethat the
itinerantelectronmodelis also capableof providinga E(nko) = E aflMQ(k)[~Co(k)]MI,aflpC(k)—
goodquantitativedescriptionof iron’s spinwaves. U (4)

Thepresentwork is basedon a slight generalization
of theapproximate(low temperature)expressionfor the x ~ U~{iafl,M,(k)I2FM,Q— IaflM_O(k)~2FM,_G)
transversedynamicsusceptibility,xr(q, c.,), usedin a
previousnickel investigation.4’5Thisgeneralization where[1C0(k)]Mpis the matrix elementof aneffective
leadsto the followingexpressionfor the imaginarypart singleparticleHamiltoniancalculatedwith respectto
of xT(q,~ thesymmetryorbitalsandFMG representsthenumber

Im xr(q, ~~)) of electronswith symmetrycharacterp andspina.
(1)

s Equation(4)hasbeenwritten in a form which demon-
= constx Im ~ [I + A(q, w — ie)] ~ /U~dd, stratesclearly thepossibleuseof modelHamiltonian

UV~1
interpolationschemesto describethebandstructure.

where M importantfeatureof thegeneralizationgivenby
equations(l)—(4) is that thespinwave energygoesto

* Researchsponsoredby theU.S.EnergyResearchand zeroas q -÷0 regardlessof theparticularform of
DevelopmentAdministrationundercontractwith ~ (~)L~v.~
Union CarbideCorporation. Thereare two differencesbetweentheresultsgiven

in equations(l)—(4) andthoseusedpreviously.5First
t Presentaddress,Departmentof Physics,Brookhaven the spindependencehasbeenretainedin the{aflUG(k)}
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Fig. 1. Neutronscatteringintensity for iron with q along
the [1001 direction.Thewave vectorq = Iqi is measured
in unitsof 2ir/a. 20 ~— — — —

andsecond,we haveallowedfor thepossibility that — — —

~ which canbe relatedto thematrix elementof a
screenedcoulombmatrix elementcalculatedwith 0 -~ — — — — — —

respectto thesymmetryorbitals,might bedifferentfor 0 0.1 — 0.2 0.3 0.4

egandt,~symmetries.*Both of thesegeneralizations q ~batuu,eunits)
follow directly from the theory. All of the information Fig. 2. Spinwave dispersioncurvefor iron. The wave
neededto calculatexT(q,w) canbe obtainedfrom a vector,q, ismeasuredin units of 2v/a.Solidcurves
solution of the energybandequations.Therefore, labeledKK = 10 andKK = 20 were obtainedusinga GR

xT(q,w) is uniquelydeterminedoncethe ferromagnetic integrationmeshof 440 and3080cubesrespectivelyin
bandstructureis determined, the irreduciblezone.Thebarsrepresentneutron

scattenngresultsof Mook andNicklow.
The first step in numencallyevaluatingequation(1)

was togeneratea paramagneticcrystalpotentialfrom a
3d

8 atomicconfiguration.A secondneighbors—p—d pured-statesare rigidly spin-split the {a~~(k)}turn out
Slater—Kosterinterpolationschemewasemployedto to bestronglyk-dependent,and asa resultof s—d
generatetheparamagneticbandsat arbitrarypoints in hybridizationeffectsthe spin-splittingof the actual
the Brillouin zoneafter theSlater—Kosterparameters bandsdoesexhibita ratherstrongwave-vector
were determinedfrom a leastsquaresfit to a KKR first dependence.
principlescalculation.Thisprocedureprovidesa fast Thenumericalprocedurefor evaluatingintegralsof
and reasonablyaccuratemethodfor generatingthe thetype shownin equation(2) is basedon the Gilat—
{[~C

0(k)],.~}matrix which appearsin equation(4). Raubenheimer(GR) linearintegrationschemeandis the
The ferromagneticbandswereobtainedby solving sameas thatusedpreviously.

4Six up-spinandsix down-
the self-consistentequationgeneratedby the theory.5 spinbandswere usedin the calculation.Becausethe
The two parameterscorrespondingto Ud~for egand Fermienergyfalls in themiddle of thed-bandsthe
t2g symmetriesrespectivelywere chosento producethe approximationof replacing{fnk~ fmk+qt } by one or
experimentallydeterminedmomentandratio of eg to zero in eachof thesmall cubesusedin theGRintegration
t2g characterin themoment.Thebandstructurewhich schemegeneratedsomeconvergenceproblemsin the
resultsfrom theprocedurecanbe thoughtof in termsof calculation.In order to overcometheseproblemswe
a rigid splittingof 1.94eV for pured-symmetrystates foundit necessaryto useratherlargenumbersof cubes
andzero splittingof pures-like states.Even thoughthe in the irreduciblezone.We feel, therefore,that the
_____________ numericalresultswhich wehaveobtaineddo providea
* Numericalestimatesbasedon atomic-likeorbitals reasonablygood descriptionof Im xT(q,w).

indicatethat the off-diagonalmatrix elements Someof the zerotemperaturenumericalresultsfor

egare small,and their effectshave theneutronscatteringintensity [~ Im XT(q,w)1 are
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shownin Fig. 1. We obtainedsimilar resultsalongboth varyingq, ratherthanby fixing q andvaryingc~asin
the [1101and [111] directions.Theposition of each - Fig. 1. Thusin orderto directly comparewithexperi-
peakdeterminesthespin-waveenergyfor thatq. As q I ment we mustfirst calculatethe crosssectionat a large
increasesthe spin-wavepeaksmoveto higherenergy, numberof q pointsandthenconvolutethis with the
broaden,andeventuallydisappearaltogetherfor I qI instrumentalresolution,andthe computertime
somewherebetween0.35 and0.4(in units of 2ir/a). This requiredfor this isprohibitiveat present.Becausethe
broadeningandultimatedisappearanceof the spin-wave resolutionemployedin theexperimentswas by necessity
peakis dueto the spin-waverunninginto aregionwhere rathercoarse,wecanneverthelessmakeareliable
aparticularweighteddensityof spin—flipexcitations estimateof the intensityby simplyinterpolatingthe
(Stonerexcitations)is large.6 crosssectionbetweendifferentvaluesof q and then

The spin-wavedispersioncurve obtainedfrom the evaluatingtheintegratedintensityexpectedin the
spin-wavepeakpositionsis shownin Fig. 2. Thecurves neutronmeasurements.Thecalculatedintensitiesshow
labeledKK = 10 andKK = 20 refer to theuseof 440 a rapidfall off of the spin-wavescatteringintensityat
and3080GRintegrationcubesrespectivelyin the ~‘ 100meV,which is in good agreementwith experiment.
irreducible Brillouin zone.The barsrepresenttheroom As a resultof our calculationsit appearsthat the
temperatureneutrondataof Mook andNicklow. The itinerantmodelis certainlycapableof providing good
theoryyieldsanisotropicspinwave dispersioncurve,in overallquantitativeagreementwith theneutronscatter-
agreementwith experiment.This resultis particularly ing resultsfor iron at low temperatures.Theseresults
noteworthywhenconsideringtheunderlyingband alsoindicatethat theitinerantmodelis capableof
structure,sincethereis no obviousisotropyto the describingsystemswith more than one unpaired-spin
electronenergybands.The agreementbetweentheory electronper site(liFe 2.2liB) without recourseto
andexperimentis not only qualitativelyexcellent,but additionalassumptionsaboutstrongHund’srule
quantitativelyverygoodas well. coupling. In orderto extendthe theoryto finite tern-

Theintensityandwidth of thespin-wavescattering peraturesonemustgo beyondthe RPA Green’sfunction
shownin Fig. 1 shouldalsobe directlycomparableto decouplingscheme,which wasusedin the derivationof

neutronscatteringexperiments.Unfortunately,dueto theresultgiven in equation(I), andincorporatevertex
experimentaldifficulties thereis no informationof this corrections.It hasbeensuggestedthat this approach
typeavailableat presentfor pureiron. Generallywe might leadto the conceptthat the spin-splitting
cansay,though,that thebroadeningof thespinwaves [E(nk4.)— E(nkt)] dependson a “local” magnetic
above50meV maybelargeenoughto beexperimentally momentwhich would existin regionsof shortrange
observable,andthat the intensityof the scattering order.7 If this notionis correctit could accountfor the
above 120 meVwill certainlybe unobservablewith lackof temperaturedependencedisplayedby thespin
theexperimentalsensitivitypresentlyavailable, wavecut-off energy.Clearlymore theoreticalwork is

Thespinwave intensitieshavebeenmeasuredfor neededto resolvethe finite te11~peraturebehaviorof the
Fe (4at.% Si) andFe (12 at.%Si), whosemagnetic itinerantmodelandmoreexperimentalwork is needed
propertiesareverysimilar to pureiron. Becauseof the to resolvetheambiguityin the spiii wavecut-off energy
steepnessof the dispersioncurvesin thesematerials,the in iron.
experimentaldatawereobtainedby fixing w and
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